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Abstract—

An area-basedlink-vector algorithm (ALVA) is introduced for the dis-
trib uted maintenanceof routing information in very large internetworks. Ac-
cording to ALVA, destinationsin an internetwork are aggregatedin areasin
multiple levelsof hierarchy. Routers maintain a databasethat containsa sub-
set of the topology at eachlevel of the hierarchy. This subsetcorresponds
to thoselinks usedin preferred paths to reachdestinations(nodesinside the
sameimmediate areaor remoteareas). ALVA is the first hierarchical rout-
ing algorithm basedon link-state information that doesnot require complete
topologyinformation at eachlevelin the hierarchy. The correctnesof ALVA
is verified. Simulation resultsare presentedshowingthat ALVA outperformes
OSPFin terms of communication and storageoverhead.

|. INTRODUCTION

In the past, mostwork in distributed routing has proceeded
in two directions: protocolsbasedon distance-vector algorithms
(DVA) andprotocolsbasedon link-state algorithms (LSA). Most
distance-ectorprotocolsare basedon a distributedimplementa-
tion of the Bellman-Ford algorithmto computeshortespaths[1].
Link-statealgorithms,on the otherhand,arebasedon the flood-
ing of link information;they requirethe completetopologyinfor-
mationto bereplicatedat every node[2], [3], [4]. Recentlywe
introducedink-vector algorithms (LVA) [5] to addresshescaling
problemsassociategvith traditionalDVAs andLSAs.

Although we have shown that LVAs are more scalablethan
LSAs and DVAs, using LVAs with a flat addressingtructureis
notsufiicientfor anetto scaleto very large numberof nodesand
destinationsAny routingalgorithmthatrequiresroutersto know
aboutevery single destinationin aninternet,becomesnfeasible
astheinternetgrows. The storagerequirementaswell ascom-
putationaland communicationoverheadbecometoo costly To
addresshis problem,the amountof informationstoredandcom-
municatednustbereducedisingaddresaggr@ationschemes.

The goal of ary addressaggreation schemels to reducethe
size of the topology databasesr routing tableskept at routers,
therebyreducingthe amountof datathat needsto be commu-
nicated, processedand stored. The main idea in aggr@ation
schemess thatarouterkeepsn its databaseneentrypernodeor
link thatis “close; andanentryfor a setof nodesor links further
away [6]. To achieve this, hierarchieof addresseareformedby
groupingtogether(“clustering”) nodeghatareclosetogether

The OSPH4] andISOIS-I1S[2] protocolsdefineareaghatcor
respondo well definedportionsof aninternet.Areasaredefined
statically andto route traffic amongsuchareas,a backboneis
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usedto interconnectll areas.In OSPFall inter-areatraffic must
beroutedvia thebackbone.

Therehave beenmary hierarchicaroutingproposalsiescribed
in the pastbasedon the notion of areas,which are also called
clusters[7]. The first suchproposalwasMcQuillian’s [8]; this
proposalwasanalyzedin detail by Kamounand Kleinrock [9].
Most prior proposalson hierarchicalrouting have routing algo-
rithmsbasedn topologybroadcasbr variationsof thedistributed
Bellman-ford algorithm(e.g.,[10], [11]). More recently Murthy
andGarcia-Luna-Acees[12] proposednarea-baselierarchical
routingalgorithmcalledHIPR thatis basedn McQuillian’sclus-
teringschemeandtheloop-freepathfindingalgorithm[13] which
is aloop-freealgorithmbasedn distancevectors.Ramamoorthy
etal.[14], [15] proposednalgorithmbasednlink-stateinforma-
tion for hierarchicalrouting. Accordingto this algorithm,a node
maintainscompletetopology information of eachareato which
the nodebelongs,andthetopologyof anareaat a givenlevel is
givenby theinterconnectiorof thelowerlevel areaswithin it.

Weintroduceanew area-basetierarchicaroutingschemehat
used VA asits basicroutingalgorithm. This new schemewhich
we call area-basetink-vectoralgorithm(ALVA) supportanulti-
ple levelsof hierarchyanddoesnot rely on a backbonédor inter-
arearouting. ALVA allows more flexible topologiesand showvs
improvedperformancdy remaoving thebottleneckbackboneThe
main motivation for this new schemeis to provide an approach
basedon link-state information that doesnot require complete
topology information for eachhierarchicallevel. As we shav
subsequentlyt constituteghe basisfor developinginternetrout-
ing protocolsbasedon link-stateinformationthataremuchmore
scalableahanOSPEThenext sectiondescribeshenetworkmodel
andgivesa shortoverview over LVA. Sectionlll describeshehi-
erarchicalrouting algorithm. SectionlV provesits correctness.
SectionV discussefts compleity andpresentsimulationresults
addressingts averageperformance.

Il. BACKGROUND AND NETWORK MODEL
A. Network Model

An internetis modeledasan undirectedweightedgraphG =
(V, E), whereV is the setof nodes(routers)and E is the setof
edgeg(links). Eachpoint-to- point link hastwo costsassociated
with it — onefor eachdirection. (If multiple routing policiesare
used,multiple costscanbe assignedn eachdirection. However,
for agivenpolicy, thecostmustbe unique).
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Nodesof the graphare clusteredinto subgraphgalledareas.
Althoughthe new hierarchicafroutingalgorithmcanbeusedwith
overlappingclusterswith only minor modificationsfor simplicity,
we assumdhatthe areasaredisjoint, i.e. every nodebelongsto
exactly onearea.

An underlyingprotocolassureshat

« A nodedetectswithin finite amountof time the existenceof
anew neighboror thelossof connectity with aneighbor

« All messagesransmittedover an operationallink are re-
ceived correctly and in proper sequencewithin a finite
amountof time.

« All messagesgchangesn costof a link, link failures, and
new-neighbornotificationsare processene at a time and
in theorderin whichthey aredetected.

Eachrouterandeachareahasa uniqueidentifier, andary other
routercandetermingrom thatidentifier to which areathe router
belongs. Link costsmay vary in time, but are alwayspositive.
Furthermoreroutersareassumedo operatecorrectly andinfor-
mationis assumedo be storedwithouterror.

B. Link \ector Algorithm

LVA [5] is basedon the disseminatiorof partial topologyin-
formation.Routerspropagaténcrementalnformationonly about
thoselinks thatthey actuallyuseto reachary destination.Thus,
all routerskeepa partial topology A local path selection algo-
rithmis usedto computetheir source graph basedon that partial
topology For example,in shortest-pathouting,the pathselection
algorithmcouldbeDijkstra’salgorithmandthesourcegraphisthe
shortest-patiiree. However, the sourcegraphneednot be a tree,
it cancontainmultiple pathsfor the samedestinationgo support
multipathroutingandit cancontainlinks usedby differentrouting
policies.

Becauseoutersin LVA have differingtopologydatabasest is
importantthatthe informationis consistento avoid the possibil-
ity of long-termor permanentooping. To achieve this, routers
tell their neighborswhich links they useandwhich links they no
longeruse,usingadd anddelete updates An updatespecifiesall
the parametersf thelink anda routersendsan updatein a mes-
sageonly whena link is modified,added or deletedn its source
graph.Thisway, the sourcegraphis reportedo neighborsncre-
mentally andatypical controlmessageontainsonly a few link-
stateupdates. In additionto the link parametersa router must
recordthe set of neighborsthat reportedthe link, a link thatis
notreportedby ary neighbormustbe remored from the topology
databaseynlesst is alink originatingat therouteritself.

[11. AREA-BASED LVA (ALVA)

Accordingto ALVA, nodesare clusteredinto areasorganized
into multiple hierarchicalevels,sothatareaanbe groupednto
higherlevel areasaswell. Figure1l shavs an exampletopology
with threelevelsof hierarchy Links in this topologyareassumed
to be bidirectional,with unit costin both directions. The nodes
(namedin lower case)makeup level 0 in the hierarchy Level 1
consistof theareasAl..A5, B1..B3,andC1..C4,while we have
the areasA, B, and C at the top level, level 2. In this exam-
ple topology only bordernodesare named,with the exception
of nodez, whichis aninterior nodeof areaA4.

Fig. 1. 2-level hierarchicahetwork

A border node is a nodethat hasa link to a nodethatbelongs
to a differentarea.A k-level bordernodeis a nodethatconnects
k-level areas Nodescandetermingo which areaa givenaddress
belongs,andat which level of the hierarchytwo givenaddresses
differ. With this information, nodescan dynamicallydetermine
whetherthey arebordernodeq(this may changewith link failures
or establishmentsAndat which level their borderis. The basic
operatiorof ALVA is asfollows:

« Forroutingwithin anareajflat LVA is used.

« Forinter-arearouting,LVA is appliedonthetopologyrepre-

sentingthe connectity amongareasatary particularlevel.

At ary givenlevel, shortest-pathoutingis usedamongall areas
thatarecontainedn the sameareaonelevel up in the hierarchy
Becauseareasare seenas single entitiesby remoterouters,the
costto traversethem cannoteasily be determined. Given that
the costof the links betweerthe areass outweighedoy the area
traversalcost, using the actualfor thoselinks neednot improve
overall performancef thealgorithm.Accordingly, for simplicity,
we useminimumhoproutingacrossareasn this paper

Figures?, 3, and4 provide aformal specificatiorof ALVA. The
following sectionsareusedto describeheinformationstoredand
communicatedaswell asALVA’s operationjn moredetail. For
simplicity, we assumehatthe sequenc@umberaisedto validate
updatesarebasedon unboundedounters.In practice,a mecha-
nismusingafinite sequenc@umberspacanustbe used.

A. Information Maintained at Nodes

With respectto the information exchanged.all routersact as
peersin ALVA. This doesnot meanthat the information stored
is the sameat all routers,but thatthe type of informationis the
same.Therearenospeciarouterghatneedo storeary additional
information. Thus,we canensurethat ary routerscan, without
delay acceptthe additionalfunctionality of a borderrouterif a



procedure update(z, message)
updatetopologytable(i, message)
if updatedhen
build_sourcegraph
build routingtable
comparesourcegraphgz)
ST, =NewST;
endupdate

procedure updatetopology.table(i, message)
for all updatesn messagelo
if local_addresg j ) then
updateasin plain LVA, us.ingtableTTlD
else ——remoteaddresstlevel! (impliesthatk is
——remoteaddresaswell)
if type= ADD then
if (j,k) ¢ TT! then
addlink to 7T}
elseif his headof link then
if sn > TT!(j,k).h.snthen
changdink values
elseif sn = TT}(j, k).h.sn then
addreportingnoden
elseif sn < TT}(j,k).h.sn then
sendcorrectionto n
else
addh asheadof link
else——type= DELETE
if his headof link then
if (,k)€ TT}! then
if sn > TT!(j,k).h.snthen
markh asdeleted
if no otherhead
marklink asdeleted
elseif sn = TT!(j,k).h.sn then
deletereportingnoden
if noreportingnodefor h then
markh asdeleted
if nootherheadthen
marklink asdeleted
elseif sn < TT!(j,k).h.sn then
sendcorrectionto n
else
TT!(j, k).h.sn = sn
end updatetopologytable

procedure link_chang€( 7, j )
if localaddresg;j) then
TT(i,5) = (¢!, newsn, {i})
else
TT?(i,area(j)) = (¢, newsn, {i})
build_sourcegraph
build routingtable
comparesourcegraphgz)
ST, =NewST;
end link_change

procedure link_up(z,75)
N;,=N;Uj
if local_addresg;) then
TT(i,5) = (¢!, newsn, {i})
else
TT?(i,area(j)) = (¢}, newsn, {i})
build_sourcegraph
build routingtable
comparesourcegraphgi)
ST, =NewST;
end link_up

procedure link _down (7,5 )
N;i=N;—j
forall (k,1) € TT; do
TT (k,1).r =TT (k,l).r — 5
if 7T? (k,1).r = @ then
mark(k, 1) asdeleted
if local_addresg;) then
TT?(i,5) = (¢!, newsn, {i})
else
TT?(i,area(j)) = (¢}, newsn, {i})
build_sourcegraph
build routingtable
comparesourcegraphgz)
ST, =NewST;
end link_down

Fig. 3. ALVA specification

updatetuple (7, &, c?, sn, type, [h])
7, k: origin anddestinatiorof link

ek costoflink (5, k)
sn: sequenc@umber
type: ADD or DELETE
h: headof link, if originis areaaddress

topologytableT'T'; atnode: with entries:
7, k: origin anddestinatiorof link
if j localaddressn samearea:
cf, sn: costandsequencaumber
list of reportingnode
if j areaaddress
ck: connectiity info
for eachreportecheadof link
sn: sequenc@umber
list of reportingnodes
if morethanoneheadin list, indicatewhich oneforwarded

TT; canbesubdvidedinto TTl’ , wherel indicatesthelevelin the hierarchy

sourcegraphST;, new sourcegraphNew ST;

Fig. 2. VariablesandDataStructuredor ALVA specification

new link crossinga borderis established.

Eachroutermaintainsatopologytableanda sourcegraph.The
latteris usedto derive the routingtable. Thetopologytablemay
beviewedasbeingsplit upinto onetablefor eachevelin therout-
ing hierarchy(asis assumedn the pseudocodein Figures3 and

4); thisis merelyanimplementatiormatterfor the path-selection
algorithm.

In principle, the topology table containsthe following infor-
mationaboutall links known to the routet andbelongingto the
router'sown 1-level area:theheadanddestinatiorof thelink, the
costof thelink, thelink’ ssequenc@umberandthelist of there-
portingnodedor thelink. Again,thereportingnodesof aknown
link arethoseneighborsof the routerwho have reportedusing
thatlink. If morethanoneroutingpolicy is usedin the network,
multiple costscanbe reportedfor the samelink.

For inter-arealinks, additionalinformationmustbe stored.Be-
causeaninter-arealink representgonnectvity ratherthana par
ticular physicallink, it maybethatthis link actuallycorresponds
to multiple links. Thus,checkingwhetheran updateconcerning
suchalink is recentbecomes problem,giventhattherecanbe
no uniquesequenc@umberassignedo it. To solvethis problem,
thesequencaumberandthe ID of the headof the actuallink are
stored. Differentneighborsmay reportdifferentheadsaboutthe
sameinterareaconnection$o anode.Thenodethenstoresall the
differentheadsconcerninghe connectionput forwardsonly one
of them. To reducecommunicatioroverheadall nodesshoulduse
thesamecriterionasto which headto reportin sucha case.

Of course,the list of reportingnodesmust be kept on a per



procedure comparesourcegraphs(z)

forall (j,k) € NewST;, (j, k)¢ ST; or NewST;(j, k).sn > ST;(j, k).sn or changdn headof link do

checklink _in_sourcegraphs(z, j, k, ADD)
forall (j,k) € ST;, (j,k) ¢ NewST; do
checklink _in_sourcegraphg(z, j, k, DELETE)
if bordernode(i) then
send(inter_areamessage)
send(intra.areamessage)
end comparesourcegraphs

procedure checklink in_sourcegraphgi, j, k, type)
if bordernode (i) then

if i = 7 then

if notlocaladdresgk) then
inter.areamessage inter.areamessage (area(i)k,connecwity,sntype,i)

intra.areamessage intra.areamessage’ (7, k, cf, sn.type)

else
if remoteaddresgj) (levell) then

inter-areamessage inter.areamessage’ (j, k,connectity, 7T (4, k).h.sn type, TT! (], k).h)
intra_areamessage intra.areamessage’ (j, k,connectiity, 7T} (5, k).h.sn type, TT} (5, k).h)

if changenhand type = ADD then

inter_areamessage inter.areamessage (§, k,connectity, 7T} (j, k).h.sn, DELETETT!(j, k).h)
intra_areamessage intra.areamessage’ (4, k,connectity, 7T} (5, k).h.sn , DELETETT} (4, k).h)

else
intra_areamessage intra.areamessage (7, k ,cf ,TTl’ (7,k).sn type)
if remoteaddresgk) (levell)then

inter.areamessage inter.areamessage (7, k ,connecm’rity,TTl’ (4,k).h.sntypej)

else——interior node
if remoteaddresgj) (levell)then

intra areamessage intra.areamessage’ (j, k,connectvity, 7T} (5, k).h.sn type TTi(j, k).h)

if changen hand type = ADD then

intra.areamessage intra.areamessage (§, k,connectity, 7T} (j, k).h.sn , DELETETT! (4, k).h)

else
intra.areamessage intra.areamessage (j, k& ,cf ,TTf (4,k).sn type)
end checklink .in_sourcegraphs

Fig. 4. ALVA specification(Cont.)

I evel O: level 1:
all links for paths Al - A2, c
X ->r A3 - A2, m
X -> g A5 - A2, ] (, k)
X ->p A2 - B t
(and ot her paths A5 - B, s (, k)
within A4) Al - C ¢
A2 - C d
p - A5 may store
q - A3 Ad - AL, r
r - Al Ad - A3, q
A4 - A5 p
level 2:
(none)
may store
A - B, , 1)

s (
A-C c (, d)
Fig.5. Topologyat Nodex

head-of-linkbasisaswell. Thelist of reportingnodescaneasily
be storedasa bit vector becauseonly neighborsof a nodecan
bein thatlist. Thus,the storageoverheadof thatlist is relatively
minor.

The sourcegraphcontainsall links thatareusedon a preferred
pathto ary destinationasdeterminedy the local pathselection
algorithm. In the caseof shortest-pathouting, it is simply the
shortest-patkree.

Figure 5 shaws a textual representatiof the links known at
nodez. Figures6 and7 shav a graphicalrepresentatiomf the
topologydatabaseat nodex andthe bordernodek. As canbe
seenin Figures5 and6, » knows all the links necessaryjor it (or
one of its neighbors)to reachary destinationwithin the level 1

Fig. 6. Topologyat Nodex

areaA4. In particular it knows all the links necessaryo reach
the bordernodes.In addition,the local table containslinks from

thesebordernodesto the neighboringlevel 1 areas. (The inter-

nal topologyof A4 is too smallto show ary significantsaving in

spaceascomparedo topologybroadcashere.However, it should
be notedthata few of thelinks areknown only in one(the“use-
ful”) direction,exhibiting someof the savingsdueto LVA. At the
next level of hierarchythefiguresshow a partialview of theinter-

areatopology Notethat,while nodex seesonly onewayto each
of thelevel 2 areasB and(', bordernodeq in the sameareaac-
tually knows aboutthe alternatvesthrougharea 42, enablingit

to reactfastto changesn the topology and then propagatehat
informationwithin its area.

Although the information concerninglinks leaving their own



Fig. 7. TopologyatNodek

areain levels1 and2 is redundantit maybe beneficialto storeit
in thetablesto simplify the pathselectionalgorithm.

Figure7 shavs the topologyasseenby bordernodek of area
A5. It canbe seenthat the two topologiesare quite different.
However, dueto the way the tablesareformed,thesedifferences
cannotcreateary routing loops. Note that, by virtue of being
abordernodeto areaB, k actuallyknows aboutthe connection
betweenareasB andC'. It doesnot propagatehis information
within its areathough,becauset prefersthe paththroughA2 to
reachC'.

B. Information Exchanged between Nodes

While thereis no differencein the datastoredat nodes,the
informationexchangewithin an areais obviously differentfrom
theinter-areaexchange.Bordernodesfilter the informationthat
is forwardedacrosstheir borders. They do not forward internal
information abouttheir areaacrossthe areaborder but addthe
appropriateneadof link informationto updatesoncerningdinks
leaving their area.

Wheneer thereis a changein a nodes sourcegraph,it sends
incrementalupdatesaboutthe changeto its neighbors:it sends
an add updatefor links thatthey areusingto getto ary destina-
tion; it sendsa delete updatefor links that they usedbeforebut
thatare not usedary more. For links within an area,eachsuch
updatecontainsthe cost,the sequencaumber andthetype. Up-
datesconcernindinks crossingareaborderscontainthe areasof
origin anddestinationasequencaeumberandthe headof thelink
reportingthatsequencaumber

For borderlinks (i.e., links attachingto otherareas)a border
nodedistributesinformation concerningthe link within its own
areaspecifyingthe actualheadof the link andthe areaaddress
asthe destinatiorof thelink. A bordernodemakessurethatno
link from within its areais reportedto its peerin the otherarea.
Links to otherareasarecorvertedto a hierarchicafform andone
of theactualheadsf thatconnectity is choserto propagateéhe
respectie sequencaumber

To illustrate the differencesn how informationis forwarded
by bordernodes Figure8 shavs which link statesareforwarded
by nodeo. Because mustdistinguishbetweerthe recipientsof

forwarded to q: forwarded to neighbors in A3:

A3 - Al, n o - AM

A3 - A2, m Al - C ¢

A3 - A5, | A5 - B, s

Al - C ¢ links used within A3
A5 - B, s

Fig. 8. Link-statesforwardedby Nodeo

h forwards to p: s forwards to bi:

AS - A2, A- B, s

A5 - A3, i

A5 - A4, h A-C d

A5 - B, s

A2 - C d

Fig. 9. Link-statesforwardedby Nodeh ands overareaboundaries

its updatepackets,it assembleglifferent packetsto neighborg
andits interior neighbors. The differencesarefurtherillustrated
in Figure 9, wherethe links that are forwardedby nodenh to its
neighborp, which is in a differentareaat level 1, andthe links
thats forwardsto its neighborbi over alevel 2 boundary

C. Operation of ALVA

The operationof ALVA is very similar to that of basicLVA.
Whenan updatemessagés receved from a neighbor every up-
datein the messagés examinedandthe topologytablechanged
asnecessary

First, considerthat the updateis an add: if thereis no infor-
mationaboutthelink in thetopologytable,thenthelink is added
toit. If thelink is alreadypresentn the table,thenits valueis
changedf the sequenceumberindicatesa morerecentupdate.
If the sequencenumberis the sameas the one stored,thenthe
neighborthat sentthe updatemessages addedto the list of re-
portingnodes.

In the caseof a delete update the senderf the messagés re-
moved from the set of reportingnodesand, if the setbecomes
empty thelink is remoredfrom thetopologytable.

In either case,an updatecontainingrecentinformationis sent
backto the neighborwho sentthe messagéf an updateis found
to beout of date(i.e.,its sequencaumberis smallerthantheone
stored).

If therewasary changen thetopologytable,thentheupdated
topologytableis usedto obtainthe new sourcegraph,usingthe
local pathselectionalgorithm. Therouting tableis thenupdated
from thenew sourcegraph.Finally, the new sourcegraphis com-
paredwith the previous oneto assembléhe updatepacketshat
are sentto the neighbors. In principle, an add updateis gener
atedfor any new link in the sourcegraph,andfor ary link whose
sequencenumberchangedas a result of the updateprocedure.
For ary link that was previously part of the sourcegraphbut is
no longer being used,a delete updateis generated.Of course,
a bordernode mustfilter the propagatiorof this informationas
describedabore.

The main differencebetweenALVA andLVA lies in the fact
thatthesequencaumbersandreportingnodedor inter-arealinks
areupdatedn a perhead-of-linkbasisin ALVA. Thisalsomeans
that,if theheadof thelink changedor someinter-arealink, two
updatesnustbegeneratedoneto deletetheold headandanother
to addthe new one.Becausall routersusethe samecriteriumto
choosewhich headto adwertise thisis arareoccurrence.



IV. CORRECTNESS OF ALVA

The proof of correctnesgor ALVA assumeshat updatemes-
sagesare transmittedreliably andreceved and processe the
orderthatthey aresent. In addition,we assumehatthereis a fi-
nite numberof changedn link stateupto timet,, afterwhichtime
thereareno morechangesWith theseassumptionghefollowing
theoremshows thatALVA is correct.

Theorem 1: After a finite time after ¢, no more updatesare
sentin the network,andall routershave up-to-datdink-statein-
formationin their topologytableandhave computecdcorrecthier
archicalsourcegraphs.

The proof of correctnessonsistf two parts:first, it is shavn
that ALVA terminates.The secondpart shavs thatthe informa-
tionin thenetworkis consistentiponterminationandthuscorrect
routeshave beencomputed.Both partsof the proof build on the
propertiegproven for LVA [5] and extendthe proofsfor LVA to
the hierarchicalalgorithm. The following lemmasconstitutethe
proof.

Lemma 1: ALVA terminateswithin afinite amountof time af-
tertg.

Proof: Theproofthatthe hierarchicalLVA terminatess by in-
ductionon the numberof levels (k) in the hierarchy In eachin-
ductive step,the proofis by contradiction.

The basecasefor theinductionis a topologywith a one-level
hierarchy(k = 1). The proof for LVA assumeshat an infinite
numberof updategadd of delete) is generatedor somelink, and
it is shavn thatthisis impossibledueto thefinite numberof nodes
in thenetworkandthefactthatthenodedetectinghelink change
sendsexactly one update. Becausdflat LVA is usedwithin the
lowest-level areasand no information is propagatedutsidean
areaconcerningopologychangeswithin the area,it is clearthat
thealgorithmterminatedor suchchanges.

It remainsto showv that the algorithmterminatesf thereis a
changen theconnectvity betweerntwo areas Notethatall nodes
useLVA on the graphcomprisingall inter-arealinks in the net-
work. The exact sameamgumentusedfor flat LVA cannow be
used: assumethat an infinite humberof updatesis generated.
This implies thatthereis at leastone nodethat generatesn in-
finite sequencef updatesaboutsomelink /. In turn, thisimplies
that a neighborof this nodealso generatesn infinite sequence
of updatesconcerningthe samelink. The proof for LVA pro-
ceedsshawing that theremustbe an infinite sequencef nodes
who start sendinginfinitely mary updatescausedby that same
change.However, this agumentis valid only if nodescanvali-
dateupdateswhich canbe accomplishedy sequenceumbers.
Hereliesthe only differencen the proof. Becausehoselinks can
be detectecat multiple heads-of-linkjt mustbe assuredhatthis
doesnot leadto a “flip-flop-effect; wherenodesswitch between
the heads-of-linkwhosesequencemumberthey usefor reporting
thelink. This problemdoesnot apply to the two areasthatare
actuallyconnectedin theseareaghelinks arereportedwith their
physicalheads-of-link inclusionof theselinks doesnot alterthe
terminationpropertyof LVA within areas.In remoteareasjf we
requirethatall nodeswho receve multiple headshoosehehead
thatthey propagateisingthe samecriteria(for example,usingthe
smallestaddress,thenno infinite sequencef addsand deletes
will becreated Hence ALVA terminatesvhenthereis onelevel

of hierarchy

Now considera topologywith & > 1 levels of hierarchy As-
sumethatALVA terminatedor k£ — 1 levelsof hierarchy A k-level
hierarchicatopologyis compose®f (£ — 1)-level areasandlinks
connectingheseareasBy theinductivehypothesisywe know that
ALVA terminatedor ary changeswithin the (£ — 1)-level areas.
It remainsto shawv that ALVA terminatedf thereis a changein
the connectvity betweentwo k-level areas. The amgumenthere
is very similar to the caseof onelevel of hierarchy Again, LVA
is usedat the k-th level of hierarchy andthe only differenceto
theflat casels thattherecanbe multiple heads-of-linkthatcould
causehedescribedflip-flop-effect” Again, thisis preventedby
requiringthe consistenthoiceof the head-of-linkthatis reported
to a neighbor Hence,ALVA terminatesin a k-level hierarchy

g.e.d.

Lemma 2: Within finite amounbf timeaftert,, all routershave
the consistentinformation necessaryo computecorrectsource
graphs.

Proof: The proof that all nodeshave consistentinformation
when ALVA terminatess by inductionon the levels in the hi-
erarchy

Again,thebasecasefor theinductionis a one-level hierarchy

The proof that informationis consistenin a finite time after
topologychangegeasdor LVA is by inductionover thelengthof
pathsin hops.In asimilarfashion,we canamguethe samecasen
thehigherlevel.

Within ary area,LVA is used. Therefore,a ary node— in
particularary bordernode— in the areahascorrectinformation
aboutthetopologywithin theareathatit is partof. In addition,it
knows aboutall links thatit needsto routeto neighboringareas.
(A neighboringareaappearsisa destinationin the level 0 topol-
ogytable thereforegvery node-includingbordernodes-knows
at leastonelink to thatdestination).Becausea bordernodefor-
wardsthelatterinformationto its neighborsn theothernodesthe
bordernodesof theseareasknow aboutthe connectiity of their
neighboringareaat level 1. This is the basecase,onehierarchi-
cal hop. Theinformationis propagatedvithin the neighborarea,
using LVA rulesfor a network at level 1, whereminimum hop
routingis usedXfor thecomputatiorof the preferredpaths.From
the correctnessf Xthis (flat) LVA at the higherlevel followsthe
correctnessf thehierarchicalscheme.

The formal proof for this amumentusesinduction, asin the
flat case.Thebasecase- neighboringareas- is describedabore.
Then,for ~ > 1 hopsassumehatthe correct,needednforma-
tion to reacha destinationis known in areasthat arelessthanh
hierarchicahopsaway from this destination Considera paththat
spansh hierarchicahops. Then,we know thatthereis aflat path
to thefirst areaon thatpath. This areais h — 1 hierarchicahops
away from the destination. The subpathfrom thatareato thedes-
tination mustbe optimal; therefore by the inductive hypothesis,
it mustbe known in thatarea. However, becauset is usedand
known, it mustbe propagatedo all the neighboringareasby its
bordernodes. It thenfollows thatit mustalsobe known in the
areawe first considered.This, togetherwith the known pathto
that neighboringarea,meansthat the completepathis known h
hierarchicahopsaway.



Now considerthe casethatwe have & > 1 levels of hierar
chy. Assumethatthe algorithmyields consistentnformationfor
k — 1 levels. A k-level areais composedf (£ — 1)-level areas.
By theinductive hypothesisall nodeshave consisteninformation
abouttheir (£ — 1)-level. In addition,thelinks between(k — 1)-
areasaswell astheir connectity to outsideareass knownto all
(k — 1)-level bordernodes.Hence for a given k-level area,this
informationis alsoknown at all its bordernodes sincea k-level
bordernodeis alsoa bordernodeat levels1, .. . k. Then,we can
usethe sameinductive algumentasin the basecase,usingthe
links betweenk-level areasashierarchicahops.

This provesLemma2. g.e.d.

V. PERFORMANCE

Giventhat LVA hasbeenshaowvn to outperformthe ideal link-
statealgorithmin [5], it canbeexpectedhatALVA performsbet-
terthanarea-basedcheme$asedn flooding, suchasOSPF by
reducingthe controltraffic bothwithin areasaswell asacrosshe
backbone.To verify this expectation,we comparedALVA with
OSPFin several simulations. Simulationswere performedusing
randomgraphswith 100 nodes.Nodeshadan averagedegreeof
approximately3. Recentwork [16] shaws thatthis is a realistic
nodedegreefor internetworks Thetopologiesvereproducedac-
cordingto two generalschemes.Accordingto the first scheme,
thereis a backbonewith 56 nodes,oneareawith 30 nodes,and
14 stubareaswith onenodeeach.We choseto usestubarease-
causewe were particularlyinterestedn the effect of changesn
thebackboneThistopologytypeallows usto have mary destina-
tion areasut to focusontheeffectsthata changen thebackbone
haswithin the backboneandin the completearea.In the second
schemethe backbonecontains40 nodesandtherearefour areas
with 15 nodeseach.

To obtainrandomtopologiesaccordingto theseschemesfor
eacharea(including the backbone)hodesare placesrandomly
in a plane. Any two nodesu, v within the areaare then con-
nectedaccordingo theexponentiaimodelasproposedy Zegura
etal. [17]. In addition,we makesurethatall areasareconnected
graphs. Then, eachareais connectedvith the backboneat two
randomlychosemodes.This methodto obtaintopologiesallows
usto studynetworksthat exhibit the characteristiof the logical
starconfigurationthatOSPFrequiredfor inter-areatraffic [4].

To simulateOSPFEwe makethefollowing assumptions:

« Areascontainexactlyonemask,.e.,they areseemasasingle
entity from outsidethearea.ln termsof storageandcommu-
nicationoverheacheededthis actuallypresentshebestcase
for OSPF

« Bordernodeshelongto exactly oneareaandthebackboneA
bordernoderunstwo copiesof the flooding algorithm,one
for thebackboneandonefor theareato whichit belongs.

+ A bordemodereportsto thebackbonehatit hasalink to the
areaof whichit is part.

« A bordernodereportswithin its arealinks to all otherareas
with costsasdeterminedy theshortest-pathlgorithmin the
backbondopology

We evaluatethe performancen termsof updatemessagesent
and number of stepsrequiredfor the algorithmsto corveme.
Whenanoderecevesanupdatejt compareds local stepcounter

with thesendeis, takeshemaximum,andincrementshecounter
This way we obtainthe numberof sequentialpdatemessagex-
changedetweemeighborsneededor corvergence.In addition,
we comparehe size of the topologytablesstoredby the routers.
In termsof thesecriteria, the assumptionstatedabore actually
representhe bestcasefor OSPF For our simulation,we assume
that control packetsare transmittederror free and are processed
oneatatimein theorderreceived. OSPFandprotocolsbasedn
ALVA providetheirown retransmissiondJsingequivalentmech-
anisms ALVA requireslessoverheadthantopology-bradcasto
ensurereliabletransmissiorof updates.Packetssentover failed
links aredropped. To detectnew connectvity or link failures,a
simplehello protocolwasused(muchlike in the OSPFspecifica-
tion).

Figures10through14 shaw theresultsof our simulations.Re-
sultsareshawn for changesn link cost,link failures,link estab-
lishments,nodefailuresand nodeestablishmentsThe barsrep-
resenthe average(mean)numberof messageandstepsrespec-
tively, while the markersshawv the standarddeviation. To obtain
theseresultswe performedthe changedor every singlelink and
nodein the network. Thus, no samplingerrorsneedto be pre-
sented.

Figures10and11 shavsthe overall resultsfor onerepresenta-
tive topology of eachclass. Theseresultsincludechangest the
bordersaswell aschangesn thebackbonendotherareas.

In Figures12 and13, moredetailedresultsareshovn. Theleft
graphin figure 12 shavs the messagsentfor changeswithin the
backbonewhile the right graphin thatfigure representghanges
within the otherareaof the topology of the first type. Similarly,
Figure 13 shows the numberof messagesintil corvergencefor
changeswithin the backboneandin oneof theareador thetopol-
ogy of thesecondype.

It is clearthat ALVA needslesstime and fewer messageso
converge for changesdn singlelinks in the backboneaswell as
the areas. OSPFbehaes betteronly when nodesfail. As ex-
pected,the numberof messagesequiredwhen links changeor
areestablishedvithin anareafor OSPFis constant.(This is not
true for link failures, becausesomeof the failures may discon-
nectnodesor partitionthe graph). The deviation from the mean
for suchchangesn thebackboneshavsthatchangesn the back-
bonecausetraffic in theareasn additionto thetraffic within the
backbone.

In all simulations ALVA clearly outperformsOSPFwhenlink
changesccur links fail, or new links areestablished.The only
casewhere OSPFcorvergeswith lessoverheadis whena node
fails. In this case,the deleteoperationin LVA causesALVA to
createslightly morepacketgshanOSPF

Figure 14 shaws the averagesize of the topology tables at
routersin the backboneand in anotherareafor both types of
topologies.It canbe seenthatroutersusingALVA needto keep
only abouthalf asmary links in their tableson the averagewhen
comparedo routersOSPEThisis truein particularfor backbone
routerswhichincludethebordernodeghatruntwo copiesof the
topologybroadcasftonefor the backboneandonefor their area).
As thesizeof theareagyrows, this advantageor ALVA becomes
even more pronounced.We have alsoobtainedresultsusingflat
LVA for largertopologiesthanthe areasshovn here. Theresults
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obtainedhatway confirmedthe significantsavingsin thenumber
of links in thetables.

As aninternetworkgrows larger, the backbone-basetpology
requiredin OSPFforcesthe backboneto becomelarger or the
areasthat connectto it to grow larger. Figure 15 illustratesthe
savzingsthatcanbe derivedwith ALVA over OSPFby not requir
ing a backbone Thetopologyusedfor this experimentis of type
1. Thereare 179 edgesn the topology giving the nodesan av-
eragedegreeof 3.58,with a maximumdegreeof 9. For the first

partof the experiment,the nodeaddressewerechosersuchthat
the backbonewas partitionedinto threeconnectedareas;ALVA
wasusedin this scenario.For the secondpart, the backbonavas
onecontiguousarea;bothALVA andOSPFwereusedin this sce-
nario. The resultsof this experimentshown that the more flexi-
ble choiceof topologiescanwiden the maigin by which ALVA
outperform3SPFsignificantly With thelargebackbonereare-
quiredby OSPFpartitionedinto smallerareasALVA outperforms
OSPFevenwhennodedail.
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In addition,in contrasto OSPEALVA allowsfor multiple lev-
els of hierarchyand ALVA doesnot requirea backbonewhich
meanghatvery largebackbonegsanbe brokeninto smallerareas
thatprovide the sameconnectity. Theseaddedfeatureamakeit
possibleto furtherreducecommunicatioraswell asstorageover
head.

VI. CONCLUSIONS

We have presented new hierarchicalrouting algorithmbased
on link-vectorroutingandareasfor aggregationof routinginfor-
mation. Themainideaof LVA is to uselink-stateinformationto
computeoptimalpathsbut withoutreplicatingthecompleteopol-
ogy information at every node. This idea hasbeenextendedto
allow multiple levels of hierarchy At eachlevel of the hierarchy
partialtopologyis stored.

The performanceof ALVA wascomparedwith thatof OSPF
Our simulation resultsshowv that, even with only one level of
hierarchy ALVA clearly outperformsOSPFin terms of stor
age and communicationrequirements. ALVA doesnot require
a backbone-centeretbpology and our simulation experiments
illustrate performanceadwantagesgainedby allowing arbitrary
area-basetbpologies.In addition,allowing multiple levels of hi-
erarchymakesthe new algorithm far more scalablethan OSPFE
ALVA constituteghe basisfor the developmentof moreefficient
Internetrouting protocolsbasedn link-stateinformation.
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